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ABSTRACT:  In  light  of  diminishing  petroleum  feed¬ 
stocks,  there  is  significant  interest  in  developing 
carbohydrate  defunctionalization  reactions.  In  this  context 
we  have  examined  the  use  of  iridium  pincer  catalysts  for 
the  hydrosilylative  reduction  of  sugars,  and  we  report 
herein  complete  reduction  of  silyl-protected  glucose  to  a 
mixture  of  hexane  isomers. 


The  dwindling  of  petroleum  resources  has  made  carbohy¬ 
drates  attractive  targets  for  renewable  energy  and 
chemical  feedstocks.1  Chemists  have  sought  to  defimctionalize 
sugars  to  simpler  chemical  feedstocks,  which  are  compatible 
with  modern  chemical  processes  and  infrastructure.2  Despite 
significant  effort,  most  systems  relevant  to  carbohydrate 
defunctionalization  utilize  harsh  conditions  (high  temperatures, 
pressures,  and  strong  acids)  and  are  generally  low  yielding  for 
defunctionalized  products.3  To  date,  the  mildest  systems  for  the 
reduction  of  carbon— oxygen  bonds  are  hydrosilylative; 
however,  for  sugars  these  methods  have  been  limited  to 
defunctionalization  at  the  activated  Cx  position  and  take  many 
hours.4-6 

Brookhart  has  reported  a  cationic  iridium  pincer  complex,  1, 
which  acts  as  a  potent  catalyst  (<1  mol  %)  for  the 
hydrosilylative  reduction  of  alkyl  ethers  to  alkanes  (e.g., 
Scheme  l).7  In  combination  with  triethylsilane,  1  mediates 
the  complete  reduction  of  primary  and  methyl  ethers  to  the 
hydrocarbon.  In  the  case  of  secondary  ethers,  only  a  single  C— 
O  cleavage  occurs,  and  the  secondary  silyl  ether  is  obtained. 
Despite  these  potential  limitations,  we  surmised  that  the 


Scheme  1 


enhanced  stability  of  the  Crcarbocation  of  a  sugar  might 
support  an  alternative,  Murai-like4  mechanism  for  the  reduction 
of  at  least  one  secondary  C— O  bond  in  glucose  (Scheme  2).  In 
this  scenario  we  anticipated  Cx  reduction  to  be  especially  rapid. 


Scheme  2 


4  B 


Initial  experiments  with  1%  catalyst,  1.2  equiv  of  SiMe2EtH, 
and  the  a-  and  /Tanomers  of  silylated  MeO-glucose  (2  and  3), 
showed  that  reduction  to  4  was  rapid  and  complete  within 
minutes  (over  90%  by  NMR).  Although  both  the  a-  and  /?- 
anomers  reacted  too  fast  to  monitor  rates,  a  competition 
between  1  equiv  each  of  2  and  3,  with  1  equiv  of  SiMe2EtH 
(l%  catalyst),  established  (by  NMR)  the  near  exclusive 
consumption  of  the  equatorial  (/?)  OMe  isomer.  The  reduction 
of  5,  on  the  other  hand,  was  substantially  slower,  requiring 
hours  of  reduction  time  and  many  equivalents  of  either 
SiMe2EtH  or  the  more  reactive  SiEt2H28  for  complete 
conversion.  In  addition  to  a  slower  rate,  the  selectivity  for  Cx 
deoxygenation  was  compromised  (see  equation  below). 
op 

\  O  h  10  e4  R3Si+ 


pPo- 


PO 


P  =  SiMegEt  (5) 
a/p  mix 


^OP  OP 

\^OSiF 
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4  (*15%) 


6  (*20%) 


Although  reduction  of  5  still  yielded  4  through  cleavage  site  “a”, 
a  number  of  other  products  were  also  formed,  including  d- 
glucitol  (6),  which  would  require  cleavage  at  site  “b.”  In  situ 
monitoring  by  NMR  spectroscopy  of  the  reduction  of  5 
indicated  that,  like  the  C^— OMe  case,  the  /?- anomer  reacts 
faster  (greater  than  10X  the  rate),  leading  to  the  following 
comparative  C— O  hydrosilylation  rates:  Cx  equatorial,  OMe  > 

1  axial,  OMe  ^"1  equatorial,  OSiR3  ^  ^"1  axial,  OSiR3  ^ 

C n,  osiR3  (n  =  2, 3, 4, 6)-  This  trend  can  be  rationalized  by  noting 
the  importance  of  a  basic  ether  in  forming  the  key  silyloxonium 
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ion,  A,  and  the  enhanced  stability  of  the  Croxocarbenium  ions 
(B,  Scheme  2). 

Increasing  the  catalyst  loadings  and  silane  concentration  and 
using  the  more  reactive  diethylsilane8  revealed  that  2  could  be 
completely  reduced  to  hexane  isomers  (see  equation  below).9 


13C  NMR  and  the  spiking  of  reaction  mixtures  with  authentic 
products  verified  the  formation  of  the  indicated  hexanes:  n- 
hexane  (7),  2-  and  3-methylpentane  (8  and  9),  and  trace 
amounts  of  2,3-dimethylbutane  (10).  Using  13C6-  and  13Cr 
labeled  5  to  follow  the  reaction  showed  that  both  13C-labeled 
sugars  converged  to  a  similar  mixture  of  hexanes,  with  one 
enhanced  signal  for  7  and  10  and  two  for  8  and  9.  Over  the 
course  of  the  reduction  of  13C-5,  hexanes  were  observable 
within  12  h,  but  the  signal  continued  to  develop  for  weeks. 
Over  the  course  of  2  weeks,  all  of  the  13C  NMR  peaks 
associated  with  C— O  bonds  (50—100  ppm)  diminished  below 
the  detection  limit,  accompanied  by  continual  growth  of  peaks 
in  the  alkyl  region  (10—50  ppm). 

The  in  situ  monitoring  of  the  nonlabeled  sugars  proved 
fascinating.  As  discussed  above,  2  and  3  quickly  convert  to  4; 
however,  as  the  signals  of  this  Crdeoxy  product  diminish,  they 
are  not  replaced  with  new  signals  until  much  later  when  hexane 
begins  appearing.  For  compound  5,  a  dramatic  loss  of  signal 
intensity  occurs  immediately  upon  its  consumption.  As  shown 
in  Scheme  3,  we  surmised  that  a  nonselective  C— O  reduction 


Scheme  3 


would  lead  to  a  large  increase  in  the  number  of  components 
and  a  concomitant  decrease  in  spectral  intensity.  This 
hypothesis  was  verified  by  monitoring  the  reduction  of  Re¬ 
labeled  5  by  13C  NMR  spectroscopy.  As  shown  in  Figure  1, 
numerous  intermediates  are  observed  both  in  the  C— O  region 
(50—100  ppm)  and  in  the  upfield  alkane  region.  Contributing 
to  this  diversity  of  intermediates  are  traces  of  unsaturated 
compounds  (100—150  ppm,  not  shown),  which  appear 
transiently,  including  a  match  for  1 -hexene.  Such  an  observation 


(a) 


(c) 


—  i  —  i  —  i  —  i  —  i  —  i  —  i  —  i  —  i ....  i ....  i  —  i  —  i ' ' ' '  i ' ' ' '  i  —  i . 
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Figure  1.  In  situ  13C  NMR  spectra  of  hydrosilylation  of  13Cr5  at 
various  time  points:  (a)  starting  material,  (b)  14  h,  (c)  7  days.  Peaks 
upfield  of  10  ppm  are  silane  related. 

not  unreasonably  suggests  that  elimination  is  also  a  competitive 
process. 

To  overcome  the  technical  challenges  of  quantifying  the 
volatile  hexane  products,  the  yields  were  estimated  by  an  in  situ 
13C  NMR  spectroscopy  experiment  utilizing  internal  standard 
and  a  calibrated  90°  pulse  sequence  (see  SI  for  details).10  Both 
the  a-  and  /Tanomers  of  MeO-glu,  2  and  3,  consistently  yielded 
a  higher  proportion  of  the  rearranged  products  than  did  5 
(Figure  2).  A  possible  source  for  this  surprising  divergence  in 


Figure  2.  Absolute  yields  (%)  of  the  hexane  isomers  7—9  for  the 
hydrosilylation  of  2  and  4—6  as  determined  by  semiquantitative  13C 
NMR  spectroscopy.  General  reaction  conditions:  5%  catalyst  1  and  20 
equiv  of  SiEt2H2  (see  SI  for  details). 


hexane  isomer  production  was  suggested  by  the  comparative 
deoxygenation  of  4  and  6  (glucitol).  Like  2,  the  Crdeoxy  4 
gives  significant  rearrangement,  consistent  with  rapid  con¬ 
version  of  2  to  4  during  the  reaction.  Reduction  of  6,  however, 
gives  predominantly  n-hexane,  suggesting  that  2  and  5  may 
bifurcate  at  the  first  reaction  steps.  It  thus  seems  likely  that 
pyranose  4  is  the  species  most  likely  to  initiate  branching, 
presumably  through  carbocation(s)11  that  may  or  may  not 
involve  neighboring  group  participation. 

The  nature  of  the  catalytic  species  responsible  for  the 
deoxygenative  behavior  is  not  fully  understood.  As  expected, 
hydride  resonances  between  —8  and  —12  ppm  were  observed. 
While  these  resonances  are  similar  to  those  previously  reported 
by  Brookhart,7,8  they  eventually  drop  below  the  detection  limit 
even  as  catalysis  continues.12  Attempts  to  utilize  simple  iridium 
precursors  ([lr(COE)Cl]2,13  [lr(COD)Cl]2,14  and  Vaskas 
complex  (both  PPh3  and  PMe3)15),  both  with  and  without 
added  LiB(C6F5)4-Et20,  were  unsuccessful. 

In  summary,  we  have  identified  a  system  that  catalyzes  the 
full  reduction  of  silyl  protected  sugars  to  a  mixture  of  hexane 
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isomers.  MeO-  sugars  2  and  3  proceed  by  selective  Cx 
reduction  to  4 ■,  whereas  the  persilyl  glucose,  5,  is  reduced  to 
a  mixture  that  includes  4  and  the  ring-opened  sugar  6.  The 
hexane  isomer  distribution  is  sensitive  to  the  Crsubstituent, 
with  the  1-OMe-protected  sugars  2  and  3  yielding  mostly  2- 
and  3-methylpentane,  whereas  the  CJ— OSiR3,  5,  yielded  mostly 
n- hexane.  The  reaction  rate  is  affected  by  the  silane,  with  the 
less  hindered  Et2SiH2  giving  the  fastest  rates.  Studies  on  the 
role  of  sugar,  catalyst,  and  silane  on  the  efficiency  and  hexane 
selectivity  of  this  reaction  are  ongoing. 
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